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Abstract 
We cultured normal human astrocytes and characterized their secreted lipoproteins.  Human 
astrocytes secreted lipoproteins in the size range of plasma VLDL (Peak 1), LDL (Peak 2), HDL 
(Peak 3) and a smaller peak (Peak 4), as determined by gel filtration chromatography, non-
denaturing gradient gel electrophoresis and transmission electron microscopy.  Cholesterol 
enrichment of astrocytes led to a particular increase in Peak 1.  Almost all Peak 2, 3 and 4 
cholesterol and most Peak 1 cholesterol was esterified (unlike mouse astrocyte lipoproteins, 
which exhibited similar peaks but where cholesterol was predominantly non-esterified).  
Triglycerides were present at about 2/3 the level of cholesterol.  LCAT was detected along with 
two of its activators, apolipoprotein (apo) A-IV and apoC-I.  ApoA-I and apoA-II mRNA and 
protein were absent.  ApoJ was present equally in all peaks but apoE was present predominantly 
in peaks 3 and 4.  ApoB was not detected.  The electron microscopic appearance of Peak 1 
lipoproteins suggested partial lipolysis leading to the detection of a heparin-releasable 
triglyceride lipase consistent with endothelial lipase.  The increased neuronal delivery of lipids 
from large lipoprotein particles, for which apoE4 has greater affinity than does apoE3, may be a 
mechanism whereby the apoE ε4 allele contributes to neurodegenerative risk.   
Key words: Lipoproteins, VLDL; Apolipoproteins C; Apolipoproteins E; Cell Culture; 
Astrocytes; Human 
Abbreviations used in this paper: Alzheimer’s Disease, AD; apo, apolipoprotein; central 
nervous system, CNS; cerebrospinal fluid, CSF; Electron Microscopy, EM; glial fibrillary acidic 
protein, GFAP; lecithin:cholesterol acyltransferase, LCAT; normal human astrocytes, NHA; 
triglyceride, TG. 
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INTRODUCTION 
Central nervous system (CNS) lipoproteins are primarily secreted by astrocytes, but are 
also secreted by microglia (1, 2).  CNS lipoproteins obtained from the cerebrospinal fluid (CSF) 
have been found by most observers to be small (7-15 nm) and in the HDL density range, 
d>1.063-1.21 g/ml (3-6).  However, there has been a report of larger, LDL-density (mean 
diameter 18.3 nm, d=1.006-1.06 g/ml) apoE-containing lipoproteins in human CSF (7).  
Lipoproteins from human CSF are cholesteryl ester-enriched and induce cholesterol efflux (3-5).  
The latter is likely accounted for by their apoE component (8).  In contrast, cultured rodent 
astrocytes, including those from human apoE3 and human apoE4 transgenic mice, have been 
reported to secrete HDL discs that are rich in free cholesterol (1, 3).  Cholesteryl esters in the 
human lipoproteins may be generated after secretion due to the actions of the lecithin:cholesterol 
acyltransferase (LCAT) that is known to be present in brain (6).  However, the characteristics of 
the lipoproteins secreted by human astrocytes in culture have not been described and may 
account for the observed differences between human CSF lipoproteins and those secreted by 
cultured rodent astrocytes.   
 
The apolipoprotein (apo) E genotype, principally the ε2/ε3/ε4 allelic isoforms, is the most 
important genetic predictor of late-onset Alzheimer’s Disease (AD) but the mechanism of this 
observation remains uncertain (9, 10).  ApoE is a constituent of central nervous system (CNS) 
lipoproteins that binds lipoprotein receptors and plays an important role in the distribution of 
CNS lipid (11, 12).  The composition of the lipoproteins secreted by human astrocytes may shed 
light on the mechanism by which the apoE allelic variants alter risks of AD and of post-traumatic 
brain injury (10).  CSF lipoproteins, more properly considered “lipoprotein remnants,” likely do 
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not reflect the lipoproteins to which neurons are exposed in the brain interstitium.  We, therefore, 
examined the size profile, electron microscopic appearance and the lipid and apolipoprotein 
composition of lipoproteins secreted by normal human astrocytes in culture. 
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MATERIALS AND METHODS 
Cell Culture 
Normal human astrocytes (NHA) from a single donor were purchased from Clonetics (Catalogue 
#CC-2565, BioWhittaker, Inc., 8830 Biggs Ford Road, Walkersville, MD 21793-0127).  This 
supplier warranted that “the NHA test positive for GFAP, negative for CD68 and negative for 
CNPase.  In order to pass quality control the cells must be =90% for GFAP, an astrocyte 
marker.”  The cells (passages 3-6) were grown in Astrocyte Growth medium (AGM CC-3186) 
which included Astrocyte Basal Medium (ABM CC-3187) and supplements of 20 ng/ml hEGF 
(CC-4107), 25 µg/ml insulin (CC-4108), 25 ng/ml progesterone (CC-4106), 50 µg/ml transferrin 
(CC-4109), 50 µg/ml gentamicin, 50 ng/ml amphotericin-B (CCC-4081), and 5% FBS at 37°C in 
5% CO2.  The cells were either treated or untreated with 16 µg/ml of cyclodextrin-solubilized 
cholesterol (Sigma Cat # C-3045).  This concentration of supplemental cholesterol was the 
highest that produced no change in astrocyte growth and viability. 
Single-donor human astrocytes from two donors were also purchased from Clonexpress 
(Catalogue # HAST O40, Clonexpress, Inc., 504 E. Diamond Ave, Suite G, Gaithersburg, MD 
20877).  The cells (passages 3-8) were grown in Astrocyte Growth Medium that included Basal 
Medium (D-MEM/F12, Gibco-BRL Catalogue # 12400-024), 10% fetal bovine serum and 
Astrocyte Cell Supplement (Clonexpress).  Greater than 80% glial fibrillary acidic protein 
(GFAP) staining positivity was documented by the supplier. 
We independently tested all cells for GFAP immunofluorescence, as described (13), 
using 1:100 Rat-GFAP (Calbiochem, #345860), and documented greater than 90% GFAP 
positivity in all cases (data not shown). 
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Mouse astrocyte culture 
Mouse astrocyte cultures were established from individual neonatal C57BL/6J mice, as described 
(14).  Cells from the third or fourth passage were cultured in IMDM without FBS for 48 hours.  
Media were collected and concentrated for FPLC, as above.  
 
ApoE genotyping 
DNA was extracted from the astrocytes and frozen at -20°C.  Genotype for the ε2, ε3 and ε4 
alleles of apoE was determined as described (15).   
 
RNase Protection Assay 
Total RNA from human astrocytes was prepared by the acid guanidinium thiocyanate method 
(16).  The human apoC-I cRNA probe was prepared as described previously (17).  Forty µg of 
human astrocyte RNA (4th passage) and 30 µg of RNA from the brain of a human apoC-I 
transgenic mouse were hybridized at 65ºC to the human apoC-I ³²P-labeled antisense RNA probe 
using a kit (catalogue #1414, Ambion) overnight.  A ³²P labeled antisense 18S rRNA probe was 
also used as a control for RNA amount.  Residual unhybridized RNA was degraded using the kit 
reagents.  Reaction products were separated by 5% PAGE.  The protected fragment was 
quantitated by exposure to a PhosphorImager and ImageQuaNT software (Molecular Dynamics, 
Sunnyvale, CA).   
 
Lipoprotein isolation 
When astrocytes were confluent, media were removed and the cells were washed twice with 
HEPES Buffered Saline Solution (Bio Whittaker, Inc. catalogue #CC-5022).  All cultures were 
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then incubated in either 10 ml of serum free AGM or DMEM/F12 (second and third donor) 
without supplemental cholesterol for 72 hours.  Conditioned media were collected and clarified 
by centrifugation at 5000×g for 10 minutes.  For lipid analyses, the medium from ten T75 flasks 
was collected and then concentrated to 0.5 ml with Centriplus or Centricon YM10 (Millipore, 
Bedford, MA Cat.# 4411 or 4241) ().  The entire 0.5 ml was then fractionated in 0.15 M NaCl, 1 
mM EDTA, pH 8.0 by gel filtration chromatography (FPLC, Amersham Pharmacia Biotech. 
2636 South Clearbrook Dr. Arlington Heights, IL 60005) using two Superose-6 columns in 
series (Cat # 17-0537-01).  Fifty fractions of 500 µl each were collected and analyzed.   
 
Lipid assays 
Total cholesterol (Sigma PO box 14508 St. Louis, MO Cat # 352-20), Free Cholesterol (Cat # 
274-47019, Wako, 1600 Bellwood Road Richmond, VA) and Triglycerides (Sigma Cat # 339-
20) were measured using kits. 
 
Apolipoprotein Immunoblot Analysis 
SDS-PAGE was performed under reducing conditions.  The concentrated media (see above) 
were fractionated either by 10% SDS-PAGE or 16% SDS-PAGE in Tris-Tricine buffer.  Proteins 
were electrophoretically transferred to nitrocellulose membrane and probed with 1:5000 anti-
human apoC-I (Cat. # K74110R, BioDesign, 60 Industrial Park Road, Saco, ME), 1:5000 anti-
human apoA-I (Cat # K45252G, BioDesign), 1:8000 anti-human apoA-II (Cat # K34001G, 
BioDesign), 1:12,000 anti-human apoA-IV (gift of Charles L. Bisgaier) (18), 1:5000 anti-human 
apoJ (Cat # K59198G, BioDesign), 1:5000 anti-human apoE (Cat # A40720, Transduction 
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Laboratories, 133 Venture Court Lexington, KY 40511-2624) or 1:1000 anti Apo E (BD 
Transduction Laboratories). 
For the apoA-I, apoA-II immunoblots, the serum free media were concentrated 100-fold 
using Centricon YM-3 filtration devices (Millipore, Bedford, MA Cat. #4202).  Ten 15-µl 
aliquots were loaded; 0.2-1 µl aliquots of human plasma were used as positive controls.  For the 
apoE and apoJ immunoblots, constant amounts of total protein were loaded.  For the apoA-IV 
immunoblot, human astrocytes were treated or untreated with 16 µg/ml of cholesterol as above.  
Serum-free conditioned media (48 hours) were concentrated about 100 fold.  One hundred µg of 
protein was used for both control and cholesterol-treated media.  For the apoC-I immunoblots of 
FPLC fractions, 100 µl from each of the 1st-13th FPLC fractions was pooled, as were 100-µl 
aliquots from the 31st-49th fractions.  The two pools were separately concentrated to 10 µl using 
a Microcon YM-3 (Millipore, Cat # 42420) and the entire 10 µl was fractionated by SDS-PAGE 
and transferred to a nitrocellulose membrane.  
 
Apolipoprotein B Immunoblot 
FPLC was performed on 500 µl of Centricon-concentrated medium from 10 flasks of confluent 
human astrocytes.  One hundred µl from each of fractions 1-13 and 31-50 fractions were pooled 
(separately).  The two pools were each concentrated to about 10 µl and were electrophoresed by 
4% SDS-PAGE along with positive (human LDL) and negative (medium) controls.  Anti-human 
apoB1:3000 (Boehringer Mannhem,Catalogue #7 26494) was applied to an immunoblot of the 
gel according to the manufacturer’s instructions. 
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LCAT Immunoblot 
The LCAT polyclonal antibody was produced in 3 rabbits immunized with a total of 12 mg of 
recombinant hLCATH6, C-terminal His6 tagged LCAT produced in stably transfected CHO 
cells (19).  Screening of the antisera by western blotting indicated that the antisera from all three 
rabbits was similarly reactive towards both purified plasma LCAT and hLCATH6.  The antibody 
was further affinity purified from a 3 rabbit anti-sera pool using an Affi-gel 15 column 
containing approx 1-2 mg/ml of immobilized hLCATH6.  The antibody was eluted from the 
column with glycine HCl pH 2.8, buffer-exchanged into PBS and stored at -80°C in 2 mg/ml 
aliquots. 
For the human LCAT immunoblot, serum-free medium conditioned by human astrocytes 
for 48h was concentrated 100 fold and 4 µl was fractionated by SDS-PAGE; one µl of human 
plasma was used as a positive control.  After transfer, membranes were incubated with 1:700 
affinity purified rabbit anti-human LCAT.   
For the mouse LCAT immunoblot, serum-free medium conditioned by mouse astrocytes 
for 48h was concentrated 100 fold and 4-8 µl was loaded on the gel.  One µl of mouse plasma 
was used as a positive control. 
 
Lipoprotein Gradient gel Electrophoresis and Transmission Electron Microscopy (EM) 
Lipoprotein sizing by non-denaturing polyacrylamide gradient gel electrophoresis (20) and 
visualization and sizing by transmission EM (21) were performed as described.   
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Lipase Activity Assays 
Confluent cells were washed three times with PBS and then cultured overnight either in serum-
free medium or serum-free medium supplemented with 100units/ml heparin.  The medium was 
collected and concentrated 100-fold via Centricon filtration.  Triglyceride (TG) lipase activity 
assays were performed as described (22). 
 
Reverse Transcriptase (RT)-PCR 
Two µg total RNA of human astrocytes and 0.2 µg each of control RNAs consisting of human 
liver RNA (Ambion, catalog # 7960), human placental RNA (Ambion, catalog # 7950) and total 
RNA extracted from heart tissue of a heart-expressing human lipoprotein lipase transgenic 
mouse (23) were applied for reverse transcription at 42°C for 30 minutes (Stratagene, Catalogue 
# 600166).  PCR was performed with specific primers based on the sequences of three different 
secreted heparin-releasable TG lipases.  For lipoprotein lipase (Gen-Bank M15856), 5’-
GACACTTGCCACCTCATTCCC-3 and 5’-CATCAGGAGAAAGACGACTCGG-3’ were 
used, amplifying a 450-bp cDNA.  For hepatic lipase (Gen-Bank J03540), 5’-
GGTGGAACGCACAAGATTGG-3’ and 5’-CTGGGTGATGGCATTGAAGC-3’ were used, 
amplifying a 276-bp cDNA.  For endothelial lipase (Gen-Bank AF118767), 
5’-GGAGCCTCTGCTATTGCTTTGC-3’ and 5’-GCCAGTCAACCACAACTACATTGG-3’ 
were used, amplifying a 339-bp cDNA.  The amplification profile was 5 minutes at 95°C for an 
initial denaturation, followed by 30 cycles of 95°C for 30 sec, 56° (lipoprotein lipase and 
endothelial lipase) or 60°C (hepatic lipase) for 30 sec, 72°C for 1 min. and final extension at 
72°C for 10 min. 
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RESULTS 
Human Astrocyte Lipoproteins–Lipids 
Normal human astrocytes from Donor 1 (apoE genotype 3/4) were cultured in control medium or 
in medium supplemented with 16 µg/ml solubilized cholesterol.  The apoE genotype of the 
astrocytes was ε3/ε4.  Lipoprotein profile was determined by gel filtration chromatography of 
serum-free conditioned medium.  Under control conditions, cholesterol was evident in large 
particles (Peak 1) that eluted at the same fractions as does human plasma VLDL in this system, 
in smaller particles (Peak 2) that eluted at about the same fractions as does plasma LDL, in a 
third peak (Peak 3) that eluted at the same fractions as the major peak of plasma HDL and a 
fourth, smaller lipoprotein peak (Peak 4).  About 2/3 of the cholesterol in Peak 1 was esterified 
and the cholesterol in the other fractions was almost completely esterified (Fig. 1a).  When 
supplemental cholesterol was added to the medium there was a marked increase in cholesterol in 
lipoproteins, particularly in Peak 1 (Fig. 1b).  
Triglyceride (TG) levels in lipoproteins in medium fractions from untreated cells were 
about 2/3 the level of total cholesterol but increased only slightly with cholesterol treatment (Fig. 
1c).   
To confirm these findings, gel filtration chromatography was repeated on medium 
conditioned by astrocytes obtained from other donors (Donor 2 of APOE genotype ε3/ε4 and 
Donor 3 of APOE genotype ε2/ε3).  Though there were similarities between Donor 1 and Donors 
2 and 3, such as the prevalence of CE-rich VLDL, each pattern showed distinct characteristics.  
In Donor 2 (Fig. 2a) Peak 1, both for cholesterol and TG, was more prominent than Peaks 3 and 
4.  Donor 2 exhibited a more prominent Peak 3 than Peak 4, while Donors 1 and 3 exhibited a 
relative preponderance of Peak 4 lipoproteins.  In Donor 2, TG was principally detected in 
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Peak 1, where it was present at about 1/3 the level of cholesterol.  A small amount of TG (equal 
to cholesterol) was present in Peak 4.  Gel filtration chromatography of Donor 3 astrocyte 
medium (Figure 2b) revealed four peaks that were about equal in size, corresponding to the same 
four locations.  TG was present at about half the level of cholesterol in Peak 1, present equally to 
cholesterol in Peak 2 and in Peak 3 and present at about double the level of cholesterol in Peak 4.  
 
Human Astrocyte Lipoproteins–Apolipoprotein Composition 
We were struck by the large amounts of cholesteryl ester in the secreted Peak 1, and its 
predominant presence in Peak 3, raising the question of whether extracellular cholesterol 
esterification in Peak 3 could be occurring, as it does in plasma lipoproteins of this size (HDL).  
An immunoblot of serum-free conditioned medium from Donor 1 revealed the presence of 
human lecithin:cholesterol acyltransferase (LCAT), the enzyme responsible for cholesterol 
esterification in plasma (Fig. 3a).  We then examined the medium for activators of LCAT.  
ApoA-I, the major plasma activator of LCAT, and apoA-II were undetectable (data not shown) 
but a small amount of apoA-IV was present (Fig. 3b).   
We also examined Donor 1 medium for apoC-I, another activator of LCAT.  ApoC-I was 
clearly detected by immunoblot in concentrated astrocyte conditioned medium (data not shown).  
We then assayed for the presence of apoC-I in the concentrated FPLC fractions (Fig. 3c).  The 
apoC-I signal in Peak 3 and 4 from medium from cholesterol-treated cells was 0.6X that in Peaks 
3 and 4 from control medium.  The apoC-I signal in Peak 1 isolated from medium conditioned by 
cells that had been cholesterol-treated was 0.45X that in control Peak 1.  RNase protection assay 
confirmed the presence of apoC-I mRNA in the Donor 1 astrocytes (Fig. 4).  Interestingly, 
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apoC-I mRNA levels were much higher in the cholesterol-treated cells, indicating a probable 
post-transcriptional mechanism for the decrease in apoC-I protein that we observed.   
ApoJ was also present in Donor 1 astrocyte-conditioned medium and increased 2.2-fold 
with cholesterol enrichment (Fig. 5a).  ApoE (normalized for protein) increased 7.4-fold with 
cholesterol enrichment (Fig. 5b).  ApoE was also assayed in both Peak 1 and Peak 3/4 FPLC 
peaks isolated from the second astrocyte donor (Fig. 6a).  ApoE was disproportionately present 
in HDL, with only a small amount detectable in Peak 1.  ApoE, ApoJ and apoA-IV were assayed 
in FPLC peaks isolated from Donor 3 (Fig. 6b).  All three apolipoproteins could be detected in 
all four peaks except for Peak 2, where no apoE could be detected.   No apoB was detectable, 
neither in concentrated astrocyte-conditioned media nor in concentrated FPLC fractions (data not 
shown).   
 
Human Astrocyte Lipoproteins Particle Sizing by Gradient Gel Electrophoresis and 
Transmission Electron Microscopy (EM) 
The Peak 1 peak as well as the pooled Peaks 3 and 4 from the second donor were examined by 
non-denaturing gradient gel electrophoresis and EM.  The Peak 1 lipoproteins were 
heterogeneous in size and morphology by EM (Fig. 7a).  Interestingly, many of the larger 
particles were vesicular-shaped and some particles were dumbbell-shaped (arrows), consistent 
with the presence of partially lipolyzed particles.  By transmission EM the Peak 1 particles 
ranged in size from 40 nm to 180 nm.  The accompanying non-denaturing gradient gel profile 
shows the distribution only of the smaller FPLC Peak 1 particles (gradient-gel size peaks 1 and 2 
were 40.3 and 38.3 nm, respectively); the larger ones remained at the top of the gel.  On non-
denaturing gradient gels, the pooled FPLC Peaks 3 and 4 (Fig. 7b) exhibited three distinct size 
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peaks at 9.9, 9.3 and 8.5 nm, where the major components were those in size peaks 2 and 3 (9.3 
and 8.5 nm, respectively).  Consistent with this observation, the majority of the FPLC Peaks 3 
and 4 particles by EM were 9.4 nm in size.   
 
Presence of Lipase in Astrocyte-Conditioned Medium 
Because the EM appearance of Peak 1 was consistent with the partial lipolysis of lipoproteins, 
we assayed for TG lipase activity in concentrated astrocyte-conditioned medium from Donor 2.  
TG lipase activity in three pools of astrocyte-conditioned medium was ~6-fold elevated over 
background (P < 0.01).  Levels were 2.39 ± 0.65 nmol FFA/ml/h in cells cultured in non-
heparinized medium vs. 4.29 ± 1.31 nmol FFA/ml/h in three pools cultured in the presence of 
heparin (P < 0.02, heparinized vs. non-heparinized).   
To further characterize this heparin-releasable TG lipase activity, we performed reverse 
transcriptase PCR (RT-PCR) on total RNA extracted from Donor 1 cultured astrocytes.  While 
no signal was detected for lipoprotein lipase or hepatic lipase mRNA, a strong signal was 
detected for endothelial-cell lipase mRNA (Fig. 8).  The identity of this PCR product was 
confirmed by direct DNA sequencing of the isolated PCR product using the PCR primers (data 
not shown).  A similarly strong endothelial lipase signal was obtained from Donor 2 astrocytes 
(data not shown). 
 
Mouse Astrocyte Lipoproteins: Lipids and Apolipoproteins 
We compared our findings with those obtained in our hands with lipoproteins isolated from 
primary mouse astrocyte cultures.  Multiple such cultures could be established and gave 
reproducible results (Figure 9).  Similar to our results with human astrocytes, 4 distinct peaks 
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could be observed that were situated over about the same FPLC fractions.  Cholesterol and TG 
levels were similar in all peaks.  Peak 1, Peak 2 and Peak 4 were about equal in height with Peak 
3 of smaller size.  ApoE, apoJ and apoA-IV were assayed in pooled lipoproteins from all four 
peaks and gave results not too dissimilar to those in humans, when adjusted for the fact that the 
apoA-IV antibody used was less sensitive.  However, unlike human astrocytes, apoE could be 
strongly detected in mouse Peak 3.  Pooled lipoproteins peaks were assayed for total cholesterol 
and free cholesterol.  Unlike the corresponding human lipoproteins, Peak 1 cholesterol was 47% 
esterified, Peak 2 was 54%, Peak 3 only 34% and Peak 4 39%.  Nevertheless, mouse astrocyte 
conditioned medium did have immunodetectible LCAT (Figure 10). 
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DISCUSSION 
We have characterized the lipoproteins secreted by normal human astrocytes in culture.  
Lipoproteins of all size classes were detected, with particles that eluted at the location of VLDL 
on FPLC and that were of the size of VLDL lipoproteins on non-denaturing gradient gel 
electrophoresis and EM.  Such particles have not been previously described in human 
preparations.  This peak (Peak 1) was at least equal in area to Peaks 3 and 4.  Peaks 3 and 4 had 
FPLC elution characteristics, size by non-denaturing gradient gel electrophoresis and EM and 
lipid composition consistent with HDL, as has been described in reports of human CSF 
lipoproteins (1, 3-5).  A “Peak 2” that eluted in the size range of LDL was also noted, and is 
consistent with a prior report of LDL-sized particles in human CSF lipoproteins (7).  Despite 
these congruencies these lipoproteins were quite different than the corresponding plasma 
lipoprotein classes, most prominently by the absence of apoB and apoA-I. 
Unlike the well described rodent astrocyte lipoproteins, cholesteryl esters and TG were 
prominent constituents of these lipoproteins, with TG present at about 2/3 the level of 
cholesterol.  Almost all of the Peak 3 and 4 cholesterol and most of the Peak 1 cholesterol was 
esterified, possibly related to the presence of LCAT in human astrocyte medium along with two 
of its protein activators, apoC-I and apoA-IV (24, 25).  Of note, LCAT has been reported to co-
localize with human CSF apoA-IV, but not CSF apoA-I (5).  ApoE also has some activity as an 
LCAT activator and may be contributing to the formation of esterified cholesterol (26).  While 
we cannot be certain that the cholesteryl ester present in these particles was formed 
extracellularly, it is clear that all elements necessary for the extracellular esterification of 
cholesterol are present in the lipoproteins secreted by human astrocytes.  However, we also 
detected LCAT and apoA-IV in the mouse astrocyte lipoproteins, despite the presence of a much 
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lower degree of cholesterol esterification.  This could reflect differences in the ability of mouse 
apoA-IV to activate LCAT.  However, mouse apoA-IV transgenic mice have been reported to 
exhibit increased cholesterol esterification (27).  Interestingly, despite the presumed dependency 
of VLDL-sized lipoprotein secretion on apoB (28), no apoB could be detected in concentrated 
astrocyte-secreted medium or FPLC fractions, indicating their apparent assembly via a novel 
biochemical mechanism.   
We have also used our approach to characterize the lipoproteins secreted by mouse 
astrocytes.  Similar to a prior report, we find that the cholesterol in mouse astrocyte “HDL” is 
primarily unesterified (1).  However, in contrast to this report, the “VLDL” (Peak 1) and, 
especially, “LDL” (Peak 2) are more prominent in our hands.  Moreover, in important contrast to 
earlier work (3), we do detect significant TG in mouse (and human) astrocyte lipoproteins, 
present at the same concentration as cholesterol in the mouse lipoproteins.  The delivery of TG 
may be an important function common to mouse and human astrocyte lipoproteins.  In contrast, 
efficient cholesterol esterification, and subsequent efficient cholesterol uptake, may be specific 
to human astrocyte lipoproteins and may explain the previously noted differences in composition 
between astrocyte lipoproteins (previously reported from rodents only) and human CSF 
lipoproteins (3). 
We have previously observed an inverse relationship between apoC-I protein and apoC-I 
mRNA levels in human brain specimens, the basis of which was uncertain (29).  We have now 
observed similar findings in isolated human astrocytes variably exposed to supplemental 
cholesterol.  Unlike apoE and apoJ, which increased in lipoproteins in media from cells exposed 
to supplemental cholesterol, apoC-I did not increase and appeared to decrease.  This observation 
may reflect a post-transcriptional mechanism operative in astrocytes whereby increased cellular 
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lipid stores may negatively affect the translation of apoC-I mRNA.  The homeostatic rationale 
for such a mechanism may be apoC-I’s role as an activator of LCAT and inhibitor of lipoprotein 
binding to receptors (30), actions that facilitate the acceptance by lipoproteins of cellular 
cholesterol and decrease the receptor-mediated delivery of lipoprotein cholesterol (and TG) to 
cells.  A decrease in astrocyte secretion of apoC-I would facilitate the delivery of astrocyte 
cholesterol to neurons whenever astrocyte cholesterol stores are ample.  Altered regulation of 
this pathway would have an influence on neuronal lipid flux and could provide a direct 
mechanism for the observed association between a regulatory apoC-I polymorphism and AD risk 
(31, 32).   
A heparin-releasable TG lipase activity was detected that was found to likely represent 
endothelial lipase.  The predominant detection of smaller lipoproteins with low TG content, 
HDL, in human CSF lipoproteins may be reflective of the action of this lipase in vivo.  
Endothelial lipase has prominent phospholipase activity (33).  Thus, along with delivering fatty 
acid, the action of this lipase would be expected to specifically facilitate the particulate uptake of 
the secreted lipoproteins (34, 35).  Contamination by endothelial cells would appear to be an 
unlikely explanation for the presence of endothelial lipase, given culture conditions that do not 
favor the persistence of such cells (36).  However, astrocytes have much in common with brain 
microvascular endothelial cells and no biochemical marker has been defined that can distinguish 
them (36, 37).  Therefore, the presence of the endothelial lipase cannot be considered surprising. 
The principal ligand for receptor-mediated lipoprotein uptake, apoE, was also observed in 
astrocyte-conditioned medium, as would be expected (38), though to a lesser extent on large 
particles than on small particles.  The increase in apoE in media from cholesterol-treated cells is 
consistent with the increase in lipoprotein cholesterol observed under these conditions.  The 
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apoE4 allelic isoform has been documented to have greater affinity for large lipoprotein particles 
(39, 40).  We have now shown that such large particles are secreted by human astrocytes and that 
their secretion increased when the astrocytes were loaded with cholesterol, as would occur under 
circumstances of neurodegeneration related to disease or trauma.  The increased delivery of lipid 
from such particles to neurons, along with a subsequent increase in beta-amyloid generation 
mediated via decreased α-secretase activity (41), may be a mechanism whereby the apoE ε4 
allele contributes to increased AD.  
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FIGURES 
Figure 1.  Cholesterol in FPLC fractions of conditioned medium from human astrocytes 
cultured either in control serum-free medium or in medium supplemented with 16 µg/ml 
cholesterol.   
A. Total cholesterol and free cholesterol (FC) in FPLC fractions of conditioned medium 
from cells cultured in control medium.  Four peaks are evident.  Cholesterol was 
predominantly esterified in all peaks, though significant free cholesterol was present in 
Peak 1.   
B. Total cholesterol (TC) in FPLC fractions of medium from cells cultured in control 
(con) medium and in medium from cells cultured with supplemental cholesterol (ch).  
Cholesterol increased in Peak 1 and Peak 4 after cholesterol supplementation of cells. 
C.  Triglycerides (TG) in FPLC fractions of medium from cells cultured either in control 
serum-free medium or in medium supplemented with 16 µg/ml cholesterol.  TG in 
lipoproteins was little altered after cholesterol supplementation. 
Figure 2.  A. Cholesterol and TG in FPLC fractions of serum-free medium conditioned 
by human astrocytes from a second donor (Donor 2).  Cholesterol and TG are primarily 
detected in Peak 1 and Peak 4.   
B.  Cholesterol and TG in FPLC fractions of serum-free medium conditioned by 
human astrocytes from a third donor.  Four peaks are seen that are similar in size.  TG 
were present at about half the level of cholesterol in Peak 1, present equally to cholesterol 
in Peak 2 and in Peak 3 and present at about double the level of cholesterol in Peak 4. 
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Figure 3.  A. Immunoblot of human lecithin:cholesterol acyltransferase (LCAT) in 
astrocyte-conditioned medium from Donor 1 (Astrocytes) and in normal human plasma.  
B.  Immunoblot of apolipoprotein A-IV in astrocyte conditioned medium (Astrocyte 
medium) from Donor 1 and normal human plasma. 
C.  Immunoblot of human apoC-1 in pooled Peaks 3 and 4 and in Peak 1 FPLC fractions 
of cholesterol-supplemented (CH) and control (Con) astrocyte-conditioned medium from 
Donor 1. 
Figure 4.  RNase Protection Assay of human apoC-I mRNA and 18S rRNA (control) in 
control human astrocytes from Donor 1 and in astrocytes cultured in medium 
supplemented with 16 µg/ml cholesterol (CH).  An RNA sample from a human apoC-I 
transgenic mouse was used as a positive control (Tg ApoC-I brain). 
Figure 5. A. Immunoblot of Human ApoJ.  Conditioned medium from human astrocytes 
from Donor 1 cultured either in control serum-free medium or in medium supplemented 
with 16 µg/ml cholesterol; 40 µg of total protein (of each) was loaded.   
B. Immunoblot of Human ApoE.  Conditioned medium from astrocytes from Donor 1 
cultured either in control serum-free medium or in medium supplemented with 16 µg/ml 
cholesterol; 70 µg of total protein (of each) was loaded. 
Figure 6. A. ApoE in FPLC lipoprotein fractions from Donor 2.  VLDL: pooled 
lipoproteins from fractions 3, 4, 5 and 6.  HDL: lipoproteins from fraction 31.  HDL 2: 
pooled lipoproteins from fraction 35-38 (small HDL).  ApoE3: apoE3 purified protein 
(control).   
 28
B. ApoE, ApoJ and apoA-IV in pooled FPLC lipoprotein fractions from Donor 3.  Peak 1 
(“1”) corresponds to VLDL, Peak 2 (“2”) to LDL, Peak 3 (“3”) to HDL, and Peak 4 (“4”) 
to small HDL.  
Figure 7. Non-denaturing gradient gel electrophoresis size and electron microscopic 
morphology of astrocyte VLDL (A) and HDL (B).  VLDL on EM were heterogeneous in 
size, 40-180 nm, diameter, consistent with non-denaturing gradient gel distribution where 
peak 1 is 40.3 nm and peak 2 is 38.3 nm.  Larger particles remained at the top of the gel. 
HDL noted in (B) consisted of three distinct peaks on gradient gels where 1, 2 and 3 
correspond to 9.9, 9.3 and 8.5 nm, respectively; the electron microscopic particles are 
also heterogeneous in size.  Bar markers represent 100 nm. 
Figure 8. RT-PCR of Human Astrocyte RNA for secreted TG lipases.  RT-PCR was 
performed for lipases as labeled.  In each gel, the first lane represents a negative (water) 
control (–), the second human astrocyte RNA (HA), and the third a positive control RNA 
(+). 
Figure 9. A. Cholesterol in FPLC fractions of mouse astrocyte media.  The mean of three 
separate single-donor preparations is shown with indicated standard deviations. 
B. TG in the same FPLC fractions of mouse astrocyte media.  C. Western Blot showing 
apolipoproteins E, J and A-IV in pooled lipoprotein peaks from mouse astrocyte media, 
mouse plasma as control. 
Figure 10.  Immunoblot for mouse LCAT in concentrated mouse astrocyte conditioned 
medium and mouse plasma.  Three replicates of medium and two of plasma are shown. 
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